PIWI proteins and their associated piRNAs have been the focus of intensive research in the past decade; therefore, their participation in the maintenance of genomic integrity during spermatogenesis has been well established. Recent studies have suggested important roles for the PIWI/piRNA system outside of gametogenesis, based on the presence of piRNAs and PIWI proteins in several somatic tissues, cancers, and the early embryo. Here, we investigated the small RNA complement present in bovine gonads, gametes, and embryos through next-generation sequencing. A distinct piRNA population was present in the testis as expected. However, we also found a large population of slightly shorter, 24-27 nt piRNA-like RNA (pilRNAs) in pools of oocytes and zygotes. These oocyte and embryo pilRNAs exhibited many of the canonical characteristics of piRNAs including a 1U bias, the presence of a 'ping-pong' signature, genomic clustering, and transposable element targeting. Some of the major transposons targeted by oocyte and zygote pilRNA were from the LINE RTE and ERV1 classes. We also identified pools of pilRNA potentially derived from, or targeted at, specific mRNA sequences. We compared the frequency of these gene-associated pilRNAs to the fold change in the expression of respective mRNAs from two previously reported transcriptome datasets. We observed significant negative correlations between the number of pilRNAs targeting mRNAs, and their fold change in expression between the 4-8 cell and 8-16 cell stages. Together, these results represent one of the first characterizations of the PIWI/piRNA pathway in the translational bovine model, and in the novel context of embryogenesis.
Introduction
PIWI-interacting RNAs (piRNAs) comprise a class of 24-32 nucleotide (nt) small non-coding RNAs that have recently become an intense area of focus in small RNA (sRNA) biology. Originally described in the context of animal gametogenesis (Deng et al. 2002 , Girard et al. 2006 , Vagin et al. 2006 , additional roles for piRNAs have been recognized in tissue regeneration (Reddien 2005 , Rizzo et al. 2014 , tumor biology (Cheng et al. 2011 , Chen et al. 2013 and, more recently, embryogenesis (Rouget et al. 2010 , Roovers et al. 2015 , Russell et al. 2016 . PiRNAs bind a subclass of Argonaute proteins called PIWI proteins, which have been demonstrated to be indispensable for spermatogenesis in both mouse and Drosophila, with oogenesis also disrupted in the latter (Deng et al. 2002 , Kuramochi-Miyagawa et al. 2004 , Carmell et al. 2007 . The mature PIWI proteinpiRNA complex is referred to as the piRNA-induced silencing complex (piRISC) (Siomi et al. 2011) . The PIWI pathway was first identified as a mechanism to constrain endogenous transposable elements (TEs) during genomic remodeling periods (Vagin et al. 2006 , Carmell et al. 2007 ; however, recent research has implicated PIWI proteins in the regulation of mRNA transcripts as well (Rouget et al. 2010 , Gou et al. 2014 , Gebert et al. 2015 , Zhang et al. 2015 . PiRISCs bind target transcripts through complementarity with the piRNA, and effect silencing by either slicing target RNA or recruiting repressive chromatin marks to the source loci (BrowerToland et al. 2007 , Gunawardane et al. 2007 .
To understand the emerging roles of the PIWI pathway in early embryos, it is important to highlight the parallels between gamete and embryo development. Genomic reprogramming occurs during two different stages of the reproductive life cycle: following fertilization of the oocyte and during the establishment of primordial germ cells in the developing fetus (Morgan et al. 2005) . These periods of reprogramming are defined by the erasure of epigenetic imprinting and the re-establishment of cellular potency. In both cases, reprogramming exposes the genetic material by removing protective epigenetic marks, making it susceptible to TE activation, which must be tightly regulated to maintain genomic integrity (Tanaka et al. 2012 , Fadloun et al. 2013 . Following reprogramming, epigenetic marks are restored at specific loci, a process that is partially directed by the PIWI pathway during spermatogenesis (Aravin & Bourc'his 2008 , Kuramochi-Miyagawa et al. 2008 . In embryos, DNA methylation is restored during the maternal-to-zygotic transition, between the 4-and 16-cell stage in both human and bovine development (Memili & First 2000) . Despite some differences in reprogramming, both gametogenesis and embryogenesis require temporal regulation of TEs and mRNA expression.
Although dispensable for murine embryogenesis, multiple roles for the PIWI pathway during embryogenesis in several other model species have recently emerged. In Drosophila embryos, piRNAs complementary to the 3ʹ untranslated region (3ʹUTR) of the nanos transcript are required for deadenylation and translational repression, highlighting the importance of the PIWI pathway for proper anterior-posterior patterning (Rouget et al. 2010) . Similarly, Zili (PIWIL2) in zebra fish antagonizes transforming growth factor (TGF)-β signaling and is required for dorsal-ventral patterning (Sun et al. 2010) . More recently, a study by Roovers et al. identified the presence of a population of piRNA-like RNAs (pilRNAs) in the oocytes of several species, including the bovine, and demonstrated the presence of an uncharacterized PIWI protein (PIWIL3), which may be an important participant in mammalian embryogenesis (Roovers et al. 2015) . Mouse models suggest that there is a sRNA population present in the oocyte and early embryo, primarily composed of endo-siRNAs and piRNAs, which are associated with repeat elements (García-López et al. 2014) . However, their function is likely dependent on the mouse-specific dicer isoform, dicer O , hinting at a different mechanism in other mammals (Flemr et al. 2013) . Several studies have investigated the roles of sRNAs during mammalian oocyte and embryo development in non-rodent models (Yang et al. 2012 , Abd El Naby et al. 2013 , Gilchrist et al. 2016 ; however, there are many questions still unanswered in this critical context. These studies led us to postulate that piRNAs are present in bovine oocytes and zygotes, and that they have the potential to regulate the expression of genes and TEs during the maternal-to-zygotic transition. In the present study, we identified and characterized the pilRNAs present in bovine gametes, gonads, and zygotes. We report a unique pool of smaller pilRNAs to be present in oocytes and zygotes compared to testis. Striking differences between pilRNAs present in male and female gametes are evident with respect to the originating loci in the genome and clusters expressed. Finally, we have demonstrated for the first time the potential for mammalian embryonic pilRNAs to regulate endogenous gene expression.
Materials and methods

Tissue collection
All experimental samples were obtained from licensed local abattoirs. Testes and ovaries from sexually mature bovids were collected for RNA extraction within 30 min of slaughter. Ovaries were transported in phosphate buffered saline (PBS) at 35°C and oocytes were collected within 2 h of removal from the animal, and subsequently used for in vitro production techniques as described previously (Russell et al. 2016) . Testis tissue was harvested on site and snap-frozen for future RNA extraction. Semen was obtained from reproductively fit bulls and stored in liquid nitrogen in cryoprotectant until swim-up to select competent sperm. All tissues for RNA analysis were snap-frozen in liquid nitrogen and stored at −80°C until use.
In vitro embryo production
Oocyte collection and in vitro fertilization procedures were conducted as previously described (Russell et al. 2016) . Cumulus-oocyte complexes (COCs) were aspirated from follicles between 2 and 8 mm in diameter into HEPESbuffered Nutrient Mixture F-10 Ham (Sigma-Aldrich) media supplemented with 0.5% PenStrep (Invitrogen), 2% steer serum, and 2 units/mL heparin sodium salt (Sandoz). COCs with homogenous cytoplasm and at least two layers of cumulus were selected under a dissecting microscope and washed twice in HEPES-buffered TCM-199 maturation medium (Caisson Labs, Smithfield, UT, USA) containing 11 μg/mL sodium pyruvate (Sigma-Aldrich), 0.2 M l-glutamine (Sigma-Aldrich) and 0.5% PenStrep (Invitrogen). Selected COCs were incubated in groups of 15 under mineral oil in 80 µL drops of maturation medium containing 0.5 µg/mL FSH, 1 µg/mL LH, and 1 µg/mL estradiol (NIH) for 22 h at 38.5°C in a humidified 5% CO 2 atmosphere.
Matured oocytes were washed in HEPES-TALP (Caisson Labs) and fertilized in groups of 15-20 in 80 μL drops of TL-Fert (Caisson Labs) fertilization medium, supplemented with 20 µg/mL heparin sodium salt (Sigma-Aldrich) and 0.96 μg/mL albumin from bovine serum albumin (BSA) (SigmaAldrich). Cryopreserved bull semen (EastGen, Guelph, ON, Canada) was washed in modified HEPES-TALP (Caisson Labs) and competent sperm selected by swim-up method. Sperm concentration was qualitatively assessed and approximately 1 × 10 5 sperm were added to each drop. The sperm/COC cultures were incubated for 18 h at 38.5°C in a humidified 5% CO 2 atmosphere.
After fertilization, remaining cumulus cells were removed from the presumptive zygotes by vortexing in modified HEPES-TALP. These 1-cell embryos are considered presumptive zygotes because they were not selected based on second polar body extrusion, but rather by homogenous and non-granular cytoplasm, however runs with lower than 80% cleavage rates were not included. Zygotes were then cultured in 30 μL of in vitro culture (IVC) medium, consisting of Synthetic Oviduct Fluid (Caisson Labs) supplemented with 0.96 μg/mL BSA (Sigma-Aldrich), 44.3 μg/mL sodium pyruvate (Sigma-Aldrich), 2% non-essential amino acids (Sigma-Aldrich), 1% essential amino acids (Sigma-Aldrich), 0.5% gentamicin (SigmaAldrich), and 2% serum under mineral oil. Groups of 20 
RNA extraction, cDNA synthesis, and quantitative PCR
Total RNA was extracted from tissues after homogenization using the miRNeasy Micro Kit (Qiagen) including on-column DNase digestion with the RNase-free DNase Set (Qiagen). C. elegans miR-39-3p was added to pools of oocytes and embryos used for quantitative PCR (qPCR) of piRNA targets as a spike-in control. Embryos were lysed by brief sonication and RNA was isolated with the miRNeasy Micro Kit (Qiagen). cDNA was generated with the miScript Plant RT Kit (Qiagen) for qPCR from total RNA from indicated oocyte/embryo pools. qPCR was conducted using miScript SYBR Green PCR Kit (Qiagen) for piRNA targets, the primers for which are listed in Table 1 .
Small RNA deep sequencing and analysis of short reads
RNA from testis, ovary, and pools of 630-680 immature oocytes, mature oocytes, and zygotes was extracted as described above and submitted for sequencing at The NextGeneration Sequencing Facility in The Centre for Applied Genomics at the Hospital for Sick Children in Toronto. Generation and miRNA analysis of these datasets has been published previously (Gilchrist et al. 2016) . SRNA populations were prepared for sequencing using a NEBNext Multiplex Small RNA Library Prep Set for Illumina (New England BioLabs, Whitby, ON, Canada) following the manufacturer's protocol. 3ʹ adaptor primers were ligated to input RNA for 1 h at 25°C, followed by 5ʹ adaptor denaturation and ligation to the RNA for 1 h at 25°C. RT reaction was performed for 1 h at 50°C and PCR amplification was performed at 94°C for 30 s followed by 12 cycles of 94°C for 15 s, 62°C for 30 s, and 70°C
for 15 s, with a final extension 70°C for 5 min. Sequencing was performed on a Illumina HiSeq 2500 system with TrueSeq v3 chemistry (Illumina, San Diego, CA, USA) using the multiplex single read protocol (50 bases). Preprocessing was performed in house using perl scripts available from http://www.smallrnagroup.uni-mainz.de/ software.html (Jiang & Wong 2008 , Rosenkranz & Zischler 2012 , Roovers et al. 2015 . First, 3ʹ adapters beginning with ʹAGATCGGAAGAGCʹ were trimmed, followed by filtering out reads below 18 and above 35 nt in length. Reads with a greater than 10% chance of a miscalled base were removed, and the sequences were collapsed to unique reads. Noncoding RNAs were annotated using the Annotation Wizard (D Rosenkranz 2016, Bioinformatics, under review) , with up-to-date sequences from the genomic tRNA (Chan & Lowe 2009), ensemble (Guttman et al. 2009 ), SILVA rRNA (Quast et al. 2013) , and miRBase databases (Kozomara & Griffiths-Jones 2014) , without mapping to known piRNA clusters. Unannotated sequences between 24 and 32 nt were considered pilRNAs and used for mapping with sRNAmapper to the unmasked bovine genome (bosTau7). During mapping, 0 mismatches were allowed in a seed substring of length 18, 2 mismatches in the 3 tailing bases and 1 between the seed and tail. Next, 5ʹ-5ʹ overlaps were calculated to identify potential 'ping-pong' signatures from the map files. Sequence logos were made using Seq2Logo (Thomsen & Nielsen 2012) to observe positional nucleotide bias in the mapped pilRNA candidates. Mapping files were then used to reallocate pilRNAs based on unique genomic mapping and frequency, using options ʹ5000 1000 b 0ʹ (reallocate.pl) (Rosenkranz 2016) . piRNA clusters were then predicted using proTRAC v2.1.2, and compared by identifying overlapping genomic intervals with the Galaxy ʹJoinʹ tool (usegalaxy.org). ProTRAC was run on default parameters with the exception of increasing the allowable pilRNA range to 32 nt (-pimax 32). MicroRNA (exclusively) expression analysis from oocytes at different maturation stages has been previously described elsewhere (Gilchrist et al. 2016) . A flowchart outlining the steps for data processing is presented in Supplementary  Fig. 1 , see section on supplementary data given at the end of this article.
Genomic origin and targeting potential
Mapping of pilRNAs to TEs was performed using a custom perl script (RMvsMAP.pl) against RepeatMasker-annotated repeats for Bos taurus (bosTau7). Multiple mapping pilRNAs were divided evenly among mapping locations and therefore evenly among potentially targeted TEs. RepBase (www.girinst. org/repbase) was used to determine the TE class for each mapped TE, and the number of pilRNA hits per class was tallied. Genomic locations of mRNA were obtained from RefSeq (www.ncbi.nlm.nih.gov/refseq) and used to determine pilRNA overlap. When the mapping direction (e.g., +/-) for a given pilRNA-mRNA pair were opposite, the relationship was considered antisense, and when strands were the same, the pilRNA was considered sense to the putative mRNA target. Genomic origins of candidate piRNAs were determined by annotations from RefSeq. Lists of mapped piRNAs (alternatively mapped with Bowtie against bosTau7) that overlap with RefSeq genes, while considering piRNA and mRNA orientation, were generated as described above. Differentially regulated transcripts in bovine early embryogenesis identified in two recent next-generation sequencing (NGS) studies (Graf et al. 2014a , Jiang et al. 2014a were used to determine the relationship between piRNA hits and mRNA expression. PiRNAs mapping to mRNA loci were tallied and compared to the lists of significantly differentially expressed genes for each stage comparison of embryogenesis.
Statistical analysis
All data were analyzed using the R statistical software package, version 3.12 ((R Development Core Team 2013) www.Rproject.org). Specifically, the cor.test function was used to determine the Spearman's rank correlation coefficient and associated P-value for the entire dataset (n = 11,949) between the number of piRNA hits per mRNA, and the corresponding log 2 fold change. Since the number of observations was large, the Spearman rank correlation coefficient was determined for a random sample (without replacement) of 500 records. A total of 10,000 such random samples were drawn from the full dataset, with the Spearman rank correlation coefficient and associated P-value recorded for each. The minimum, mean, and maximum observed correlations were identified, as well as the percentage of random samples that provided a significant (<0.05) P-value. This process was repeated using random samples based on the following variables: dataset of origin (i.e., Graf et al. 2014a , Jiang et al. 2014a , direction of mapping (sense or antisense), and stages being compared (e.g., 4-cell vs 8-cell). In the latter case, only stages with n > 500 were explored. Finally, a Poisson regression model was used to investigate the effect of log 2 fold change and the other variables (i.e., dataset of origin, direction of mapping, and stages being compared) on the number of piRNA hits per mRNA.
Results
Deep sequencing of sRNA from bovine reproductive tissues
SRNA from bovine testis, ovary, sperm, immature oocytes, mature oocytes, and zygotes was sequenced using Illumina HiSeq 2500. Pools of 600-700 oocytes/ embryos were used to generate a sRNA pool sufficient for deep sequencing. Notably, similar sized pools of embryos from the 2-, 4-, and 8-cell stages failed to produce libraries due to low input RNA. Each of our libraries contained ~50-60 million raw reads, however only 57-67% of raw reads remained in the oocyte/ embryo pools after adapter and quality processing in contrast to 91% in the testis (Table 2) . After trimming, quality processing, and length filtering, we determined the read length distribution for each of the datasets and observed a bimodal peak in the testis at 22-and 30-nucleotides (nt), a large peak in the ovary at 22 nt, and decreased number of reads with increased read length in the sperm with no defined single peak. The distributions between the oocyte and zygote datasets are similar, each displaying a prominent peak at 25-26 nt (Fig. 1) . Next, we annotated the sRNAs present within our datasets using sequences from available databases (Fig. 2) . The ovary dataset contained the largest proportion of known sRNA (85.9%) of which the majority were miRNA (88.6%), corresponding to the 22 nt peak (Fig. 1) . The majority of reads from the other 5 datasets were unannotated and most of the annotated reads mapped to miRNAs and rRNAs. Of the unannotated reads between 24 and 32 nt, >86% were successfully mapped to the bovine genome from the testis, oocytes, and zygotes, and ~51% in the Percentages represent the fraction of reads remaining after each step. Raw read data has been reported previously (Gilchrist et al. 2016) .
Step 1, Adapter, 18-35 nt filter and quality processing;
Step 2, Annotate and remove known small non-coding RNAs;
Step 3, Length filter 24-32 nt;
Step 4, Genome-mapped piRNA-like RNAs;
Step 5, Clustered piRNAs (after weighting). ovary and sperm. At this point, genome-mapped sRNAs between 24 and 32 nt were considered pilRNAs and were assessed for features of canonical piRNAs.
Characterization pilRNAs
Of the total clean reads, 50.9-55.5% were classified as pilRNAs in the oocyte and zygote pools while 61.3% were classified as such in the testis. A common, but not ubiquitous, feature of piRNAs is the presence of a 'pingpong signature' in the sequence reads. This is a 5ʹ to 5ʹ 10 nt overlap that results from secondary piRNA biogenesis via the 'ping-pong' amplification cycle ( Supplementary  Fig. 2 ). Identification of this signature within our pool suggests that a fraction of sRNA present was generated through this cycle. Four of our six filtered pilRNA pools demonstrate strong ping-pong signatures, with the ovary and sperm being the exceptions (Fig. 3) . Another conserved feature of piRNAs across species is a uracil bias in the 1ʹ position (1U bias). We observe an 72-89% 1U bias in our pilRNA pools from oocytes and embryos, which is similar to the testis sample at 83.5%. Both the sperm and ovary pilRNAs show weak or absent 1U bias, with 30.6% and 16.1%, respectively. These biases are graphically represented as sequence logos in Figure 4 . Unannotated ovary reads predominantly consisted of a single sequence without full-length hits to any known coding or non-coding RNAs, comprising approximately 50% of ovary pilRNAs. We also observed a slight but consistent adenosine bias in the 10th position in all the oocyte/zygote samples (31-36%), a feature of secondary piRNAs produced by the ping-pong cycle.
Cluster identification
Primary piRNAs have been shown to originate from specific clusters in the genome; they are transcribed into long precursors from piRNA dense loci within these clusters. We identified a total of 403 different putative piRNA clusters within the six datasets using a weighted proTRAC cluster analysis (Rosenkranz & Zischler 2012 . In total, we detected 1104 different clusters from the 6 datasets. We observed 184 common clusters which accounted for >98% of the clustered pilRNAs in the immature oocytes, mature oocytes, and zygotes. Next, we analyzed the expression of pilRNAs from clusters across chromosomes (Fig. 4) . In oocytes and zygotes there are only minor differences in expression, and the vast majority of clustered pilRNAs arise from chromosomes 3, 6, 13, 14, 17, and 23 . This is in contrast to the testis in which cluster expression was more evenly distributed across chromosomes (Fig. 4) . The majority of these clusters were unistranded; however, we also identified between 12 and 18% bidirectional clusters in the oocytes and zygotes. An example of each is shown in Supplementary Fig. 2 . Interestingly, only 10% of the testis clusters were bidirectional. Within these clusters, the 1U nt bias was Graphs on the left represent the number of pairs of reads with a 5ʹ-to-5ʹ overlap in the datasets. A peak at 10 nucleotides is characteristic of piRNAs produced by the ping-pong cycle (see Supplementary Fig. 2 ). The sequence logos on the right represent nucleotide biases at each position of the pilRNAs, with a 1ʹ uracil bias characteristic of piRNAs bound to a PIWI protein.
above 75%, or the 10A nt bias was above 50%. In order to compare the cluster expression between samples, the clusters were joined on their genomic intervals. As mentioned, the oocytes and zygotes expressed 184 common clusters between the three samples, with the adjacent developmental stages having the most clusters in common (Fig. 5) . Interestingly, the zygotes only shares 10 clusters with the sperm, none of which are unique from those shared between the mature oocytes and sperm. Finally, we observed more clusters in common between the immature oocytes and testis than with its parent tissue, the ovary.
Validation of pilRNA Expression by qPCR
To confirm the expression of pilRNAs identified by deep sequencing in the samples and validate the sequencing data, we conducted RNA adapter-based qRT-PCR on sRNA from independent pools of 40 oocytes and embryos at the equivalent stages of maturation to those used for sequencing. Six piRNA targets and one spike-in, C. elegans miR-39-3p added during RNA extraction (Fig. 6 ) were evaluated. In order to determine suitable reference targets, we employed the geneNorm algorithm (Vandesompele et al. 2002 ; https://genorm. cmgg.be) on all seven targets and determined piR-4 and piR-18 to be the most stable between stages. The expression of each pilRNA target was reproducibly detectable in the samples. Surprisingly, changes in the level of expression of only 2 of 6 targets (bta-piR-4 and bta-piR-9) correlated with the changes predicted by our deep sequencing data. Potential explanations for this observation are explored in the discussion.
Potential transposon and mRNA targeting by pilRNAs
Candidate pilRNAs were mapped to bovine TEs annotated by RepeatMasker to determine their potential target transcripts. The long interspersed nuclear element (LINE) RTE and SINE2/tRNA-derived repeats are the most abundantly represented TE classes in the bovine testis, oocyte, and zygote pilRNAs, representing over 50% of all TE mapped reads (Fig. 7) . Within the LINE RTE class, pilRNAs map predominantly to BovB repeats in the antisense direction (Fig. 7) . Within the SINE2/tRNA class, the most highly represented TEs are the Core-RTE and Bov-tA elements, both of which are short, nonautonomous repeats. Interestingly, the DNA TE Tigger was substantially represented, with >99% of the pilRNAs associated with the antisense strand. These reads were aligned to BovB to observe the putative targeting profile ( Supplementary Fig. 4 ). The profiles of mapping location and frequency were very similar across development from the immature oocyte to zygote. Overall, pilRNAs consistently mapped to substantially different loci when compared to those from testis. Recent studies have suggested that piRNAs have the potential to target mRNAs in addition to their traditional RT targets (Rouget et al. 2010 , Gou et al. 2014 , Zhang et al. 2015 . We therefore investigated the relationship between pilRNAs mapped to the genome and mRNAs expressed in these tissue contexts, taking into account both the sense and antisense orientations of the piRNAs. Those pilRNAs mapping in the sense direction were considered as potentially originating from mRNAs. We also compared the number of pilRNA overlapping with mRNAs derived from the genome, to the gene expression data presented in two previous studies (Graf et al. 2014b , Jiang et al. 2014a ). We observed a statistically significant negative correlation (rho = −0.1783165, P-value < 2.2 × 10 −16 ) between the number of piRNA hits for any specific mRNA target and the log 2 fold change of the differentially expressed genes (Fig. 8) . This test was also conducted within the variables of mapping direction, origin of transcriptome data, and stage comparison; the statistics of which are presented in Table 3 . As a control, the fold change values were randomized per gene while maintaining the pilRNA hit values, which resulted in none of the above correlations, suggesting that the observed relationship between numbers of piRNAs mapped to a gene and its log 2 fold change was not a result of the datasets having a net negative log 2 fold change. Finally, pilRNA candidates that map to mRNAs were analyzed for a ping-pong signature, and show a significant (Z-score = 23.82) 10 nt overlap suggestive of participation in the ping-pong cycle (Fig. 9 ).
Discussion
PIWI proteins and piRNAs represent key players in a complex regulatory system that has only recently been recognized to play important roles outside of gametogenesis (Rouget et al. 2010 , Jiang et al. 2014b , Roovers et al. 2015 . This study represents one of the first characterizations of piRNA biology in bovine gonads, gametes, and zygotes. The results presented here support potential roles for piRNAs in the classical control of transposon expression during spermatogenesis in the bovine and expand the scope of recent studies in murine and Drosophila models that implicate piRNAs in mRNA turnover during gametogenesis (Rouget et al. 2010 , Gou et al. 2014 . In addition, the pattern of piRNA expression in bovine oocytes and zygotes is highly consistent with very recent studies by others (Roovers et al. 2015) and supports the likelihood that this regulatory pathway also participates in transposon control in oocytes and early embryos. Most importantly, we have identified piRNAs in oocytes that appear associated with target genes that are subsequently destined for turnover in the early bovine embryo. One of the primary challenges in this study was isolating sufficient sRNA from oocytes and zygotes to successfully prepare a library for NGS. To this end 600-700 oocytes or zygotes for each of the stages, representing a minimum of 4 separate runs of in vitro production within each stage, were collected and pooled. Although this resulted in a single sequencing replicate per stage, the depth of our sequencing and the large number of individuals within each group increases our confidence that the counted reads accurately reflect the population of sRNAs from each of the stages. This is further supported by the high similarity in mapping patterns between the pilRNAs in our data and the recent independent work of others (Roovers et al. 2015) .
Difficulties in producing high-quality libraries from the limited RNA present in the gamete samples resulted in decreased yields after processing compared to the tissue samples (testis, ovary). The read length distributions show clear peaks corresponding to miRNAs in the testis and ovary, and the testis shows an additional prominent peak at the expected piRNA size of 28-32 nt (Brennecke et al. 2007 , Russell et al. 2016 . Interestingly, the peak of ~24-27 nt present in the immature and mature oocytes and zygote reads that appears to represent a population of shorter piRNAs. After adapter trimming and quality filtering, known sRNAs were annotated using several databases. The remaining unannotated reads were considered pilRNA if they mapped to the genome and had a length between 24 and 32 nt. Unsurprisingly, this accounted for 61% of testis reads, a tissue known to express PIWI pathway components (Roovers et al. 2015 , Russell et al. 2016 . However, large pilRNA populations were also identified in the oocytes/zygotes (>50%), which led us to investigate their properties in that context.
To characterize these pilRNA, we began by investigating common piRNA features, one of which is the presence of a 'ping-pong' signature (Brennecke et al. 2007 , Gunawardane et al. 2007 ). This signature arises from the slicer activity of the PIWIpiRNA complex directed at the 10th nucleotide of its target transcript, producing secondary piRNAs with Figure 8 Scatter plots depicting piRNA hits vs log 2 fold changes in the expression of the corresponding mRNA. Data from two studies of mRNA profiling during embryogenesis were used in a comparison of number of piRNA hits (y-axis) to mRNA log 2 fold change (x-axis) between the stages indicated, allowing visualization of potential correlations. Red bars represent linear regressions and red stars indicate stages with 100% significant tests for correlation. The absence of data points between ~1 and −1 are the result of comparing pilRNAs to genes with a significantly different expression between stages (GV, germinal vesicle oocyte; MII, metaphase II oocyte; 2c, 2-cell embryo; 4c, 4-cell embryo; 8c, 8-cell embryo; mor, morula; blast, blastocyst). a 5ʹ-5ʹ overlap of 10 nt. Through this amplification loop, the piRNA pathway generates new PIWI-piRNA complexes from target sequences ( Supplementary  Fig. 2 ). We detected a ping-pong signature in our testis pilRNAs, similar to that seen in mature testis tissue from mice (Brennecke et al. 2007 ). Ovarian and sperm-born pilRNAs did not display a ping-pong signature in our samples, consistent with a recent study suggesting that piRNA enrichment by periodate elimination may be necessary to detect their presence (and the accompanying signature) in tissues such as the ovary where the overall abundance is low (Roovers et al. 2015) . Intriguingly, we did observe a very strong ping-pong signature in our oocyte/zygote samples. This finding suggests that there is likely to be an uncharacterized PIWI-piRNA pathway functioning in the early embryo context. A second canonical feature of piRNAs is the presence of a uridine bias in the first position of the 5ʹ end, known as the 1U bias, generated as a result of preferential binding of piRNA intermediates displaying a uridine at the 5ʹ terminus (Kawaoka et al. 2011 , Cora et al. 2014 . This bias was present in all samples showing a ping-pong signature. Experiments investigating the source of the 1U bias suggest that intrinsic properties of the PIWI protein partner are responsible for binding and stabilization of 1U containing piRNAs (Cora et al. 2014) . Additionally, HSP90 has been shown to confer 1U bias to piRNAs loaded onto PIWI proteins in vitro (Izumi et al. 2013) . This suggests that oocyte and zygote pilRNAs may also be loaded by the chaperone HSP90, similar to the canonical biogenesis in the testis. However, this does not seem to be the case for sperm and ovary pilRNA. This is one of the few studies to investigate oocyte and sperm-borne pilRNAs (García-López et al. 2014 , Pantano et al. 2015 , and we suggest that the pilRNA content is undetectable among the noise of other 24-32 nt reads.
Mapping of piRNA to the genome allows the identification of piRNA-rich loci called piRNA clusters (Aravin et al. 2006 , Girard et al. 2006 , Brennecke et al. 2007 . These clusters produce single-stranded precursors that contain multiple piRNAs, which are exported from the nucleus, processed into intermediate fragments, loaded onto PIWI proteins, and trimmed into mature piRNAs. Several accepted methods of cluster identification from piRNA containing datasets have been developed, and we utilized an established cluster detection software called proTRAC (Rosenkranz & Zischler 2012) . This approach resulted in the identification of 1,104 clusters in the bovine genome, of which the oocytes and zygotes express about 30%, testis 56%, and ovary and sperm 6%. The expression of pilRNA from these clusters is similar between immature oocyte, mature oocyte, and zygote samples in expressed clusters, and these common clusters produce the majority of the piRNAs (~98%). The relative homogeneity in cluster expression between the oocytes and zygotes suggests that pilRNA precursor regulation may be significantly restricted during oocyte maturation, and that the oocyte pilRNA repertoire is generated during oogenesis prior to the period when germinal vesicle oocytes are normally collected. In contrast, the cluster profile of pilRNAs from the testis is distinct from that of the oocyte/zygote, with only 31 common clusters, and a more evenly distributed pilRNA frequency between clusters.
Previous studies suggest that piRNAs present in the sperm may be delivered to the oocyte upon fertilization, albeit in small quantities (García-López et al. 2014 , Pantano et al. 2015 . Comparing cluster expression between the sperm and mature oocytes shows that only 13 pilRNA clusters are expressed in both tissues. One might expect this proportion to increase in the zygote if sperm-'delivered' pilRNAs form uniquely expressed clusters upon fertilization. However, the sperm-zygote overlap remains restricted to 10 clusters upon fertilization, actually less than the sperm-mature oocyte overlap, suggesting minimal contribution in terms of cluster diversity from sperm-borne pilRNAs. We cannot, however, rule out the possibility that the 'dose' of individual or multiple pilRNAs from clusters might be augmented through sperm-mediated delivery. Alternatively, it is possible that few sperm-born pilRNAs 'kick-start' cluster expression after the zygote stage. Most notably, the greatest similarity in cluster expression is found between the immature oocyte, mature oocyte, and fertilized zygote, where pilRNAs from 184 clusters are common across stages. These common clusters account for ~98% of the normalized, clustered pilRNAs in each of the stages. This suggests that pilRNA expression is relatively static during oocyte maturation and immediately after fertilization. We suggest that this relatively stable pilRNA population likely participates in RNA turnover and transposon control during subsequent early stages of bovine embryogenesis.
Figure 9
Ping-pong signature of mRNA mapped pilRNAs. Candidate pilRNAs from the zygote were mapped to bovine mRNAs, and the resulting mapped sequences were checked for a ping-pong signature. A significant peak at 10 nucleotides suggests that mRNA mapped pilRNAs from the zygote may participate in the slicermediated amplification loop (Z-score = 23.82).
In an attempt to validate the pilRNA expression pattern observed in the NGS results, we adapted a plant miRNA Sybr-based qPCR assay for detection of pilRNA from bovine oocytes and embryos. Plant miRNAs carry a 2ʹ-O-methylation at their 3ʹ ends, equivalent to that seen in mammalian piRNAs. Of 6 pilRNA targets, only two followed the trend predicted by the sequencing data when measured by qPCR. Despite identical conditions between in vitro embryo production runs, modest variability in oocyte and embryo competence has been observed, which could contribute to a lack of trending between NGS and qPCR. This variability can be attributed to the quality of the ovaries obtained from the abattoir, which depends on the health of the animals on any given day. An additional explanation for this lack of trending could be variations in the 3ʹ ends of piRNA, which makes primer design difficult and decreases the reliability of amplification of specific pilRNA targets. Finally, piRNAs canonically possess a 2ʹ-O-methyl (2ʹ-O-Me) group on their 3ʹ end, protecting them from degradation (Kirino & Mourelatos 2007 , Saito et al. 2007 ). However, a recent study suggested that piRNA from oocytes and embryos may be un-methylated, due to depletion of oocyte piRNAs after periodate oxidation treatment (Roovers et al. 2015) . To remain robust in our detection of piRNAs, our technique involves RNA adaptor ligation, designed to function in the presence of 2ʹ-O-Me. If these piRNAs are indeed un-methylated, the process of adaptor ligation may have introduced a bias into downstream qPCR measurements of target pilRNAs.
PIWI proteins and piRNAs are potent regulators of both transcriptional and posttranscriptional transposon and mRNA expression (Brennecke et al. 2007 , Gunawardane et al. 2007 , Shoji et al. 2009 , Rouget et al. 2010 , Gou et al. 2014 . Previous studies have demonstrated that an increase in TE expression is a defining, and potentially essential, event during the early stages of embryogenesis (Peaston et al. 2004 , Beraldi et al. 2006 , Bui et al. 2009 ). However, the deleterious effects of widespread TE expression are well-documented, suggesting that expression during the reprogramming phase of embryogenesis must be tightly controlled. By mapping pilRNAs to known bovine and ancestral TEs, we identified the various classes and their representation in each of our datasets. Unsurprisingly, the most commonly targeted TE in our pilRNA-rich datasets is the RTE LINE element BovB. The abundance of pilRNAs with the potential to target the LINE1 RTE BovB is likely due to the presence of 376 thousand copies comprising a total of 10.7% of the bovine genome (Adelson et al. 2009 ), second only to LINE1 repeats with 11.3% coverage. Previous research by Bui et al. suggests the primary retrotransposon class expressed in pre-implantation bovine embryos is ERV1 (Bui et al. 2009 ). However, ERV1s account for only 1% of our mapped pilRNAs compared to ERV2s, which account for 4%. BTLTR1 (an ERV2 repeat) has previously been shown to have the fewest expressed sequence tags present in morula embryos (Bui et al. 2009 ), but is potentially targeted by as much as 2% of our mapped pilRNAs. Taken together, these data suggest an inverse relationship between retrotransposon expression and the pilRNAs that map to them in the pre-implantation embryo. It will be important to ultimately compare a more comprehensive characterization of embryonic TE expression to the pattern of expressed piRNA that target them in order to understand the roles of this relationship on embryonic development. Some striking differences in TE representation were evident when considering TE class representation comparisons between samples. The coverage and frequency of TE mapping of pilRNAs between oocyte and zygote samples are very similar, but very different from the testis. It is well-documented that the oocyte is transcriptionally inactive shortly after reaching the antral follicle stage, and few changes in gene expression occur before the 4-8 cell stage (Sirard & Blondin 1996 , Hyttel et al. 1997 , Graf et al. 2014a . The majority of pilRNAs from oocyte/zygote pilRNAs align to the LINE RTEs, SINE2/tRNAs, and ERVK/L repeat classes, whereas the testis shows a greater mapping to the LINE family (L1, L2) and endogenous retroviruses (ERV1, ERVL). Additionally, there is a strong bias for antisense mapping of oocyte and zygote pilRNAs (>80%) compared to the testis (~50%). The lack of TE sense-derived pilRNAs in the oocyte/zygote context could represent a population that is prepared for TE defense rather than participating in active TE destruction. These data suggest that the oocytes and zygotes contain a relatively static TE targeting pilRNA repertoire that is distinct from that found in the testis. This phenomenon is likely the result of the diverse pattern of TE repression required across different tissues due to the differing reprogramming and pattern of TE expression.
Using the location and frequency of piRNAs mapping along the length of the primary LINE RTE target, BovB, a pattern we have termed a 'targeting profile' emerges. Between the germinal vesicle oocyte, mature oocyte, and zygote, both the position and magnitude of piRNA mapping to BovB remains highly consistent, a trend seen across multiple targeted TEs. However, comparing the profile between these relatively static pilRNA populations and those of the testis, ovary, and sperm, we observe large variations in both the position and frequency of potential pilRNA targets. Additionally, several sites exhibiting a ping-pong signature of sense and antisense reads are present, suggesting that BovB is a target in the piRNA amplification loop. The differences observed in targeting profiles of TEs such as BovB between different tissue samples likely reflects a unique biology responsible for the balance between TE expression and silencing in different cellular contexts.
In addition to their roles in TE silencing, piRNAs have very recently been shown to be essential for the widespread, targeted elimination of mRNA transcripts during pachytene spermatogenesis, a process highly similar to the maternal-to-embryonic transition (MET) in the mammalian embryo (Gou et al. 2014) . Based on the results of the present study, we postulate that pilRNAs present in testis, oocytes, and early embryos have the potential to target both TE and mRNA transcripts. Since the discovery of nanos transcript de-adenylation directed by the PIWI pathway in Drosophila (Rouget et al. 2010) , and later the illuminating work done by Rajasethupathy et al. showing transcriptional regulation of CREB2 by piRNAs in Aplysia neurons (Rajasethupathy et al. 2012) , evidence has accumulated concerning the potential of PIWI-piRNA complexes to regulate expression of mRNAs in addition to TEs. Most notably, pull-down experiments in Drosophila and mouse led to the identification of a host of mRNA genes regulated by the PIWI pathway (Gou et al. 2014 , Barckmann et al. 2015 . We therefore hypothesized that pilRNAs in the zygote may participate in the elimination of maternal transcripts during embryogenesis resulting in a negative correlation between pilRNAs and target gene expression. To this end, differentially regulated transcripts present during bovine embryogenesis were obtained from two published datasets (Graf et al. 2014a , Jiang et al. 2014a , and we compared these to the list of pilRNA mapping to coding genes in the present study. Using the compiled pilRNA hits per gene and comparing it to the log 2 fold change for the differentially expressed genes, we observed a statistically significant −0.18 overall correlation between the numbers of pilRNAs mapped to any given gene and the relative fold change of that transcript. The strongest relationships with the highest confidence intervals were present in the transcript changes between the 4-cell vs 8-cell and 8-cell vs 16-cell stages, with statistically significant mean correlations of −0.27 and −0.20, respectively. These correlations were internally validated through repeated random sampling and significance testing of the pilRNA hits vs gene expression changes (10,000 tests of 500 randomly selected genes). These repeated measures were only conducted for the variables with a sufficient number of observations. Strikingly, almost 100% of the tests from both the 4-cell vs 8-cell and 8-cell vs 16-cell stages were significant, in contrast to the later stage comparison of 16-cell vs blastocyst, of which 68.4% of the tests were significant with a weaker mean correlation of −0.13. Most importantly, for the changes in gene expression between the morula and blastocyst stages, there were very few significant tests and almost no correlation observed. Gene expression changes were also scrambled across the dataset to confirm that the negative correlation was not a product of many data points and/or an overall net negative gene expression change. The scrambled control abolished the correlations both globally and within the random repeated sampling.
Given the large number of observations, the variability in transcripts, and the confidence of the repeated sampling, the observed correlation between increased numbers of targeting piRNAs and decreasing gene expression between the 4-cell and 16-cell stages is unlikely to represent a product of random piRNA overlap with coding genes. We therefore suggest that the pilRNA repertoire present in zygotes contain the sequences that are likely to participate in mRNA elimination or transcriptional gene silencing during the MET. To further strengthen our hypothesis, we looked specifically at pilRNAs mapping to mRNAs and checked whether they display a ping-pong signature. Indeed, a significant peak at 10 nts suggests that the mRNAassociated pilRNAs from the zygote also participated in the ping-pong cycle, and therefore have the capacity to silence mRNAs through a slicer-mediated mechanism. Posttranscriptional regulation of mRNAs by miRNAs has recently emerged as essential for embryogenesis in Drosophila, mouse, zebra fish, and cows (Bernstein et al. 2003 , Giraldez et al. 2006 , Tang et al. 2007 , Bushati et al. 2008 , Tripurani et al. 2011 ; however, a similar role for piRNA-guided mRNA repression has not been investigated in mammalian embryos. We attribute the relatively low correlation between the magnitude of change and the number of targeting pilRNAs to the overall complexity of mRNA turnover in the early embryo, where multiple pathways (miRNAs, endosiRNAs, RNA-binding proteins) control mRNA decay (Mondou et al. 2012 ). An additional explanation for our significant, but relatively low correlation values may be that our mapping criteria are too stringent to capture the breadth of potential piRNA-mRNA interactions, and therefore underestimate the number or specificity of target transcripts. Indeed, mRNA elimination during late stage spermatogenesis in the mouse is mediated by much lower stringency of piRNA-target complementarity than previously shown to be required for TE repression (Reuter et al. 2011 , Gou et al. 2014 , Zhang et al. 2015 .
The stability of this population in read length distribution, transposon targeting, cluster expression, and quantity as determined by qPCR leads us to propose that these pilRNA are likely deposited during oogenesis and remain in the zygote as a genetic defense mechanism with the potential to regulate TEs that arise during embryonic reprogramming. Moreover, significant negative correlations with putative gene targets suggest that these pilRNAs may also participate in gene regulation during the MET between the 4-cell and 16-cell stages, similar to the involvement of the PIWI-piRNA pathway in mRNA elimination during late spermatogenesis (Gou et al. 2014) .
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